Abstract-This paper proposes a sensorless procedure to estimate the induction motor speed and the dependable heat contents of the stator and rotor sides. The proposed procedure is based on the electrical models of a three phase Induction Motor (IM). The motor electrical models for normal and abnormal will be discussed and a technique is introduced for accommodating frequency dependent skin effect of the rotor resistance using a simple proposed speed estimation algorithm. The electrical models are customized from the positive and negative sequence networks. The speed detection is based on the rotor parameters slip dependent. The models are then used to analyze different operating conditions of the motor. Two thermal motor protection schemes are suggested. The first scheme is dependent on the stator side while the other scheme is developed for rotor side. The Matlab software is used for this purpose to emulate efficiently the proposed estimation procedures through a complete motor modeling which is fed from the power grid. Finally, the results provide the motor performance characteristics which involve current, torque, speed and stator/rotor temperature versus time for numerous operating conditions. It is concluded that the proposed sensorless procedure is efficient to protect the induction motors against abnormal starting as well as the overheating on either stator or rotor sides. Also, the proposed sensorless estimation for speed and temperature is reliable for submersible motor applications. The proposed schemes can be considered as costless preventive maintenance procedure.
Introduction
Egypt has more than 4000 water treatment plants that depend on its work on the submersible motor. The failure of submersible motors leads to loss of the plant function. So, it is necessary to develop efficient schemes for protecting submersible motor from abnormal conditions which leads to its damage. Adequate protection of induction motors is routinely achieved via locked-rotor, phase unbalance, and overload protection. However, conditions of changing load torque, frequent starts, temporary phase unbalance and high inertia loading must often be tolerated. Designing protective schemes for these conditions using conventional relays is difficult and sometimes impossible [1, 9] .
One of the main tasks of safety representatives is to carry out inspections, especially for important and essential equipment ( e.g. induction motors). Inspection processes are vital in the operation of power systems due to the need for safe and continuous operation [10] . There are many modifications and developments in this type of predictive maintenance such as a computerized maintenance management system "CMMS" that is introduced in [11] . The implementation of this method as a new technology in maintenance programs is very expensive, where its cost can reach $100,000, which represents unacceptable cost for most projects. Another technique for updating sequential predictive maintenance "USPM" policy is used in [12] . It provided a cost-effective manner to decide a real-time predictive maintenance schedule for continuously monitored degrading systems that minimizes maintenance cost rate "MCR " in the long term. However, this method did not consider the unavailability of all information about investigated equipment (maintenance history). Furthermore, complex calculations are required to analyze the obtained data, and no software is developed to facilitate the real implementation to operators. Besides the two previous techniques, there is another system known as "infrared thermography anomaly detection algorithm" (ITADA) that is proposed in [13] . In this system, a computerized system is developed depending on a combination of artificial intelligence and digital image processing techniques to give automatic decisions. According to [14] and [15] , the main decision to define abnormal conditions is based on computational intelligence techniques and digital image processing. The diagnosis tool uses a set of neuro-fuzzy networks to generate a thermovision diagnosis by identifying variables related to inspected element and other variables affecting decision accuracy.
There is another proposed technique, which investigates the economics of thermal inspections of electrical equipment using a Matlab Graphic User Interface "GUI" with thermal imaging infrared "IR" camera. The proposed technique provides an effective method to predict and solve abnormal conditions in electrical equipment avoiding the need for external inspection experts [16] [17] [18] [19] . Where the overall cost can be significantly reduced. This proposed technique have drawbacks:
1. It must use IR camera with high capital cost 2. The user has to course training with the proposed program (additional cost) 3. This system is manual inspection and not on-line detection (not at all times) Therefore, we must try to found another technique to estimate the on-line condition for our important equipment (motors).
Motor protection is primarily a temperature estimation problem. Recognizing of good electrical and thermal models leads to their adoption for motor protection so that the heating and cooling process is well represented for virtually all loading and terminal conditions. This paper presents a set of electrical, thermal and mechanical models which provides an accurate prediction of rotor and stator temperatures, based on the change in rotor resistance due to the skin effect of the slip frequency. Paper will introduce an algorithm for speed estimation using measured voltage and current which makes this possible. Aided by this algorithm, the electrical and thermal models provide a major advance in the protection of induction motors. The models are then used to analyze conditions of locked rotor, high inertia starting and overload torque. The computer program used for this work performs a recursive solution of the model states equations and furnishes a plot of current, torque, speed and rotor and stator temperature versus time. In conclusion, the thermal-electric model system is considered as the key element for motor protection.
Thermal motor protection algorithms

A. Electrical models:
Electrical models are required to determine power (the heat) input to the motor. Important considerations are:
• The model must account for unbalanced operation.
• The rotor-conductor current distribution depends on rotor-current frequency. Thus, the rotor resistance is speed-dependent.
• The model must accommodate a reasonable range of terminal voltage.
The taken modeling approach begins with the traditional electrical models for the positive and negative sequences. The rotor resistance in the models is treated as slip-dependent, so as to accommodate the skin effect. The electrical model together with terminal voltage and current observations are used to determine the effective rotor resistance value with which can compute the rotor conductor heat loss.
We stress that by considering the speed dependence of the rotor resistance is very important for accurate computation of the heat input to the motor, since locked rotor resistance can be several times the rotor resistance under running conditions. The models and the observations of voltage and current also provide sufficient information to determine the motor slip.
The stator conductor heat input is determined from the observed stator currents and the stator conductor resistance. Since the frequency of the stator currents is normally fixed, there is no need to represent the frequency dependence of the stator conductor resistance. Sinusoidal steady state analysis is justified for the protective functions under consideration, since the model parameters are slowly changing with respect to the electrical response of the system. Figures 1, and 2 present traditional electrical models for the positive and negative sequences. The circuit elements are defined as follows: The power delivered to the variable resistors in the two circuit models represents the electromechanical power developed by the induction motor. The power delivered to the other resistors is dissipated as heat. These heat sources are the ones used as inputs to the thermal models. Figure 3 shows, the dependence of the rotor parameters on slip is nearly linear. Therefore, linear approximations can be used which are based on values of resistance and reactance values at zero and unit slip.
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Fig.3 Slip dependent rotor resistance and reactance
The rotor currents I 4 and I 5 are slightly affected by the shunting effect of the magnetizing reactance.
The relation between rotor and stator current is as follows:
However, the following approximation gives good results when (R 4 /s) is small compared to X 6 . This is the usual case.
Equations (1)- (4) show that the dependence of the rotor leakage reactance on slip is not nearly as great as that of the rotor conductor resistance. The slip dependence has a very small effect on the coefficient A, since X 6 >>X 4 . For most accurate performance during startup and entirely satisfactory results while running, it is practical to choose the locked rotor values for X 4 when computing a value for A as: 
B. Slip dependent computation
The rotor resistance values in effect at a given slip can be determined by two ways; One way is to directly measure the speed, e.g. with a tachometer and use the speed measurement in Eq. (1) and (3) . The other way is to indirectly determine speed from current and potential measurements at the terminals of the machine. This second method is generally more practical, and it is described below. Referring to Figure 3 and suppose that terminal current and potential measurements are made so that V 1 and I 1 are known:
Let Z be the apparent positive sequence impedance seen by looking into the induction motor. This impedance measurement must equal that obtained from analyzing the circuit model of Figure 1 . That is, 
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Then, the proposed formula for slip based on the input current and measured power factor is determined through:
Where, the gains G1 and G2 are computed using the following two equations as:
Another way used for calculating slip as follow:
Equation (16) is used for computing the motor slip on the basis of the input current, the input power and the motor parameters. This explicit solution for slip can be used in Eq. (1) and (4) to determine the positive and negative sequence values for the motor slip dependable motor parameters.
In workable report at a later date, the slip-estimating algorithm just presented proved accurate, and more than adequate for use in computing the rotor heating.
C. Thermal model
The mathematical model, which was used for heat content computation the motor heat content, can be deduced as follows:-The stator conductor heat dissipation can be computed from the models using the sequence currents, or directly from the input currents, as follows: Where I A , I B and I C are the phase currents, and P 1 is the total power dissipated in the stator windings. The voltage dependent loss is approximated by:
This loss at rated voltage is approximately equal to the conductor losses at rated current. The rotor conductor heat dissipation is found from the rotor sequence currents using:
However, knowledge of the phase current magnitudes is insufficient for determining the heat dissipated by the rotor conductors. The input phase currents and their phase relationships must be known in order to determine the sequence components of the currents, and additional information is needed to specify the value of the rotor resistances R 4 and R 5 . The total power losses are the sum of power loss at stator, rotor and iron losses as: W' is the rate of change of speed with time : T M is the motor torque : T L is the load torque.
Emulation of the proposed thermal motor schemes
Equation (22) can be decomposed into two main categories according to the method of protection as:
• Stator side thermal motor protection scheme: in this scheme the computed slip dependent stator heat content is compared to the maximum permissible temperature limit.
• Rotor side thermal motor protection scheme: in this scheme we concerned to the heat content of rotor side. The heat contents are slip-dependent sensorless computations. The emulation procedure for the two thermal schemes can be proceeding as follows: A) Stator side thermal scheme The general motor heat content presented in Equation (22) 
Both currents I 1 and I 2 and the rotor resistances (R 4 and R 5 ) are the slip dependent positive sequence currents. Similar sequence to emulation procedure is followed for rotor heat estimation as given in Figure 5 . To carry out the proposed speed and temperature estimation procedures considering the rotor parameters slip dependence, Matlab/Simulink is adopted for modeling of three-phase induction motor. The motor data is presented in table 1.1. The studied cases can be classified as follow: a. Normal operating condition b. Locked rotor case c. High inertia starting The details of these three cases can be discussed as follow:
a) Normal operating condition
For normal operating condition, Figures 6 & 7 shows the motor performance curves for stator and rotor currents. While, in Figure 8 , the proposed slip dependent procedure is investigated to compute the motor speed. The obtained slip using the proposed sensorless scheme has high closeness degree with the real slip. That is proving the capability of the proposed scheme to detect accurlty the speed without needing any sensors. Figure 11 , the proposed computed slip dependent procedure is shown compared to actual measurable slip. It is shown the estimated speed is very close to the actual speed. Figure 12 , shows high temperature raise which will cause damages to the motor. The need to early trip is necessary. 
c) High inertia starting
This, the third studied case, is another motor challenge. This abnormal operating condition is due to the high inertia starting of the motor. Similarly, the motor performance is shown in Figures 13-15 . Figure 13 shows the starting current wave forms of stator current with high inertia starting while Figure 14 shows the rotor side starting current for the same case. The heat content at stator and rotor sides is clearly demonstrated in Figure 15 . The high of the temperature levels at either stator or rotor sides leads to the failure of the motor operation especially for the case under study. This action is occurred when the temperatures exceed the permissible temperature levels at stator and rotor sides.
Figure13
Stator current at high inertia starting Figure 14 Rotor current at high inertia starting Figure 15 Stator and rotor temperature at high inertia starting
Conclusion
This paper investigated two enhanced thermal motor protection schemes. These schemes were developed on the basis of electrical models for normal and abnormal operation with the aid of positive and negative sequence networks. The proposed schemes consider the slip dependent on rotor parameters. A slip detection algorithm customized from the motor terminal measurements without any sensors, for speed or temperature determination, has been implemented. The motor slip is deduced from the measured motor terminal voltage, input current and the motor input power factor and the motor parameters at both no load and locked rotor operating conditions. The obtained slip dependence can help the operator for early detection of abnormal states especially at stalling or long starting cases. Another electronically based thermal detection algorithm has been implemented. The implemented algorithm can be used for tripping the motor from service if the heat content exceeds the permissible limits of temperature at stator and rotor sides. The induction motor has been efficiently emulated using Matlab software for different operating conditions. The proposed algorithms in this paper can be easily generalized for different applications as irrigation application, waste water plants and industrial factories with urgent limitations on the motor operation. It gives high accurate method to detect the normal and abnormal conditions (thermally) with minimal cost and on-line detection. With some modifications on the output (interface), it can give the proper action to motor (alarm-stop).
